Cation (Nb, Y, Al or Si) doped TiO 2 thin films with anatase phase were fabricated on SiO 2 glass by conventional Pulsed Laser Deposition method. Ionic radius of these cations is larger or smaller than that of Ti. As deposition state, amorphous was formed. Annealing for crystallization was necessary at least 500 C for 10 hours. However, the glass is difficult to be crystallized deposited at 500 C. Suppress a formation of oxygen deficiency is possible by doping of another cations.
Introduction
Up to the present, contamination is a serious problem not only on ground but also in outer space. On ground, the contamination is occurred to produce semiconductors in small space. On the other hand in outer space, the contamination is occurred in wide area. This means it is difficult to solve the contamination in outer space. Actually, spacecraft and space station are sometimes contaminated by polymer molecules originated from spacecraft itself because of strong irradiation of solar UV lights and periodic thermal cycles. Recently, a concept of contamination protect is important for long-term activity in outer space, especially in the International Space Station.
One of the methods to protect the contamination is to use photocatalyst. The photocatalyst is, of course, a useful tool to prohibit contaminations on ground. Nowadays, we have been studying the effects of the photocatalyst in outer space, especially in vacuum conditions [1] [2] [3] [4] [5] . Main target is to dissolve a polymer hydrocarbon originated from spacecraft and space station themselves. Titanium oxide of TiO 2 with anatase phase is most popular photocatalyst on ground. Thus, we selected the TiO 2 with anatase phase for outer space use. According to the on ground experiment, we obtained positive results to use photocatalyst even in outer space under vacuum condition [1] [2] [3] [4] [5] . However, TiO 2 was easy to form oxygen deficiency. As a result, its color is changed to brownish to absorb a solar light. This is a serious cause of increasing temperature.
In the present study, we synthesized cation (positive ion) doped TiO 2 thin films with anatase phase on SiO 2 glass substrates by conventional PLD (Pulsed Laser Deposition) method in order to depress a formation of oxygen deficiency. In previous work, we synthesized TiO 2 films on Al alloys by chemical solution (CS) methods 5) . Meanwhile CS methods are complicated methods, PLD method is easy to synthesize the films. The dopants interfere to move the oxygen. Doped cation is Nb, Y, Al or Si. Ionic radius of Nb and Y is larger than that of Ti. On the other hand, the radius of Al and Si is smaller than that of Ti. So we expect to suppress a formation of oxygen deficiency by the cation doping. Here, we consider only an ion size not a valence of the cations.
Experimental Procedures
Starting materials to fabricated films is TiO 2 , Nb 2 O 5 , Y 2 O 3 , Al 2 O 3 and SiO 2 powders. The purity is more than 99.9 %. Table 1 shows ionic radius of cations for 6-fold symmetry as well as Ti site in TiO 2 6) . These powders were mixed in motor, compressed in dies and sintered 10 hours at 1200 C in air. These processes were carried out twice. Final shape is 10 mm in diameter and 5mm in thickness. This is called target. Table 2 shows lattice parameters for rutile phase of synthesis materials. According to the difference of ionic radius, the lattice parameters were changed. (1) N 2 atmosphere at 10 -2 Torr and room temperature.
(2) O 2 atmosphere at 10 -2 Torr and room temperature.
(3) N 2 atmosphere at 10 -2 Torr and 400 C.
(4) O 2 atmosphere at 10 -2 Torr and 400 C.
After the film deposition, characterizations were carried out such as XRD to study the phase, UV-VIS (Ultra Violet and Visible frequency) spectroscopy to study the coloring and photocatalysis properties. Especially, the UV-VIS spectroscopy is a convenient tool to investigate the oxygen deficiency under vacuum conditions. The typical photocatalysis properties are weight decrease by decomposition of organic contaminant during the radiation of solar light and hydrophilicity for water droplet. Solar light was irradiated for 10 days in air atmosphere. Here we used TiO 2 non-deposited SiO 2 substrate as standard. For the weight decrease measurement, squqlene solution was coated by spin coating at 3000 rpm in rotation on the sample fabricated cation doped TiO 2 on SiO 2 substrates by PLD method. 
Results and discussion
As-deposited thin films were amorphous (glass) by XRD. Fig. 1 shows typical film as-deposited state on 6 mol% Nb deposited in N 2 atmosphere at room temperature. The color is greenish. The color is dependent on fabrication condition. In N 2 atmosphere, the darkest film was fabricated. All as-deposition films are amorphous even the color is different, thus an annealing process at least 500 C for 10 hours was necessary. In present experiment, effect of oxygen is not observed so much because the oxygen partial pressure is not large. Fig. 2 shows typical XRD pattern of 3 mol% Nb 2 O 5 doped TiO 2 , in (1) condition, before and after the heat treatment (annealing). Despite the starting materials are rutile, but film with anatase phase was formed after the annealing.
In reference 7), Nb does not incorporate in TiO 2 so much. In our results, deposited films after the annealing have single anatase phase even at 6 mol% Nb 2 O 5 doping. We consider this is reasonable because the difference of ionic radius is not so much according to the ionic radius in Table 1 . In (3) and (4) conditions, it is difficult to crystallize the glass phase. Even after the annealing at 500 to 700 C, the phase was still amorphous. hours. Nb2O5 amount: 3 mol%. Fig. 3 shows transmittance spectrum for 3 and 6 mol% Nb 2 O 5 doped TiO 2 before the annealing. Despite interference effects such as a transmittance fluctuation depends on wavelength were observed, transmittance in average is increased with the increase of Nb 2 O 5 amount. This means oxygen deficiency is improved by Nb 2 O 5 doping. This improving was also observed in another dopant. So we consider that cation doped TiO 2 will be useful for the photocatalyst using in vacuum conditions. The amorphous films deposited at room temperature changed to crystals by annealing at 500 C for 10 hours. This annealing condition is similar to previous result for films by chemical solution method on Al alloy 5) . At first, we expected to be able to obtain crystal films when films are deposited at high temperature about 500 C. Unfortunately, the films are still amorphous phase. Curiously, the amorphous films do not change to crystals even annealed up to 600-700 C for 10 hours. Fig.4 shows typical XRD pattern before and after the annealing at 600C deposited 6 mol% Nb 2 O 5 doped TiO 2 at 400 C in N 2 atmosphere. 5 shows transmittance fabricated at 400 C in N 2 atmosphere. By the cation doping, the transmittance was decreased compared with non-doped TiO 2 film. But we have already shown in Fig. 3 , the transmittance was improved by the Nb cation doping. Fluctuation of transmittance is caused by interference on multi-layered films 4) . doping, the reason is not sure because Y cation is the largest in the present dopants. The decrease of transmittance in UV region is lager than that in VIS region. Active photocatalysis wavelength is around 380 nm. Thus, we should consider the decrease of the transmittance. Fig. 6 shows typical transmittance change on 6 mol% Nb 2 O 5 films before and after 400 C annealing in air. Even expected small amount of the oxygen deficiency, the transmittance is improved by the annealing in air.
As above mentioned, formation of oxygen deficiency was improved by the doping of cations with different size of Ti ion. Next step is to investigate the photo catalysis effects will be obtained or not. Fig. 7 shows weight decrease in mass % of the cation doped films primary coated squalene solution by spin coating on SiO 2 substrates after an irradiation of solar light for 10 days in air atmosphere, in case of seven samples such as none, 6 mol% Nb 2 The squalene decomposed by photocatalysis effects of cation doped TiO 2 , and the film weight was decreased. Initial weight is light enough that weight decrease is saturated at most 1 week. Another photocatalysis effects can be appeared in hydrophilicity. Fig. 8 shows typical hydrophilicity on 3 mol% Nb 2 O 5 for amorphous (upper) and crystal with anatase (lower) phase. These pictures show water droplet on the films. Contract angle on amorphous phase are large (hydrophobic), and that on crystal is small (hydrophilic). In the present experiment, the droplet is on the squalene + doped TiO 2 , so its contact angle is not zero (superhydrophilic). However, we can say hydrophilicity was observed only in crystal films at least. Table 3 shows summary of the contact angles. By the annealing, amorphous phase changes to crystal phase, and contact angle is decreased. In the crystal, hydrophilic effect is appeared. Here hydrophilic is determined its contact angle is less than 30. Contact angle change (hydrophilic or not) in Table 3 is sometimes due to the surface roughness change from amorphous phase to crystal phase. So we evaluated both weight decrease and hydrophilic or not. According to the weight decrease in Fig. 7 and hydrophilic effect in Table 3 , present crystal thin films have photocatalysis effects.
Recently, an electric conduction was reported on Nb 2 O 5 doped anatase TiO 2 8) . Large electric conduction affects the photocatalysis effects. In the present experiment, the electric conductivity was not observed. Our electric measurement is through squalene layer. We consider the reason is on the insulated squalene layer. Even the electric conduction, the photocatalysis effects were not affected when the conductivity is not so large.
Summary
Cation (Nb, Y, Al or Si) doped TiO 2 thin films with anatase phase were fabricated on SiO 2 glass by conventional Pulsed Laser Deposition method. Ionic radius of these cations is larger or smaller than that of Ti. As deposition state, amorphous phase was formed. Annealing for crystallization was necessary at least 500 C for 10 hours. However, the glass is difficult to be crystallized deposited at 500 C. Suppress a formation of oxygen deficiency is possible by doping of another cations with different ionic size. Weight decrease, mass% Sample No.
